The final delivery of secretory proteins and lipids to the cell cortex begins at the Golgi apparatus when membrane components are sorted into nascent exocytic vesicles and ends at the PM where vesicles dock and bilayers fuse. In budding yeast, the major route of membrane trafficking to the cell cortex involves targeted vesicle transport via polarized exocytosis into the growing bud.[@R1] In this secretory pathway, lipid biosynthesis, lipid signaling by phosphoinositides (PIPs) and other signaling lipids, and transbilayer asymmetry generated by lipid flippases all conspire to modulate membranes for exocytosis. Changes in membrane lipid composition and organization contribute to exocytosis by: (1) generating local deformations in the Golgi membrane bilayer for the extrusion of vesicles; (2) assembling membrane domains that promote the recruitment and sorting of specific proteins into forming vesicles; and (3) initiating signaling cascades that trigger transitional changes in protein complexes that drive subsequent steps for transport. For the latter, lipids orchestrate the activities of Ras-, Rab- and Rho-family small GTPases to promote the assembly of protein complexes involved in actomyosin-based vesicle transfer, vesicle docking and membrane fusion at targeted sites.

In yeast, vesicle traffic from the Golgi to the PM moves along actin filaments propelled forward by Myo2p, a type V myosin motor. Along the way, the vesicle-associated subunits of the exocyst tethering complex are configured for vesicle docking with the PM. Vesicle docking occurs when the vesicle- and PM-associated exocyst complex subunits join, and SNARE-dependent fusion of the vesicle and PM bilayers ensues. At each step during vesicle transport, the protein complexes involved are commanded by specific lipids and the regulation of those lipids ultimately controls exocytosis ([Table 1](#T1){ref-type="table"}).

###### **Table 1.** Lipid-signaling and -metabolism proteins required for yeast polarized exocytosis

  Protein                                      Activity                                             Localization
  -------------------------------------------- ---------------------------------------------------- -----------------------------------------------------
  **Actinomyosin-based vesicle motility**                                                            
  Myo2                                         Type V myosin motor                                  Actin filaments
  **Exocyst complex/vesicle tethering**                                                              
  Sec3, Exo70                                  PM-associated exocyst complex subunits               PM/sites of polarized growth
  Exo84, Sec6, Sec8, Sec10, Sec15              Vesicle-associated exocyst complex subunits          Exocytic vesicles/sites of polarized growth
  **Lipid flippases and regulators**                                                                 
  Cdc50                                        Drs2p chaperone                                      Golgi
  Dnf1, Dnf2                                   Aminophospholipid translocases                       PM
  Dnf3, Drs2                                   Aminophospholipid translocases                       Golgi
  Lem3                                         Dnf1p interacting protein                            PM
  **Markers for exocytic transport**                                                                 
  Can1                                         Plasma membrane arginine permease                    PM
  Fur4                                         Uracil permease                                      PM
  Gas1                                         Beta-1,3-glucanosyltransferase                       PM, ER, Golgi
  Pma1                                         Plasma membrane H^+^-ATPase                          PM
  Tat2                                         High-affinity tryptophan and tyrosine permease       PM
  **Phospholipid metabolism and regulators**                                                         
  Cho1                                         PS synthase                                          Microsomes
  Frq1                                         Pik1p regulator                                      Golgi
  Osh4/Kes1                                    Oxysterol-binding protein homolog; Sac1p regulator   Golgi, exocytic vesicles, cytoplasm, endosomes
  Mss4                                         PI-4P 5-kinase                                       PM
  Pct1                                         Cholinephosphate cytidylyltransferase                Golgi
  Pik1                                         PI 4-kinase                                          ER, Golgi
  Pis1                                         PI synthase                                          Golgi
  Sac1                                         PI 4-P phosphatase                                   ER, Golgi
  Sec14                                        PI/PC transfer protein                               Golgi
  Sph5                                         PI transfer protein                                  Cytoplasm, ER, PM
  Spo14                                        Phospholipase D                                      Endosomes
  Stt4                                         PI 4-kinase                                          PM
  **Rab GTPases and regulators**                                                                     
  Gdi1                                         Rab GDI (GTPase dissociation inhibitor)              Cytoplasm
  Mrs6                                         Rab GEP (GTPase escort protein)                      Cytoplasm
  Sec2                                         Sec4p GEF (guanine nucleotide exchange factor)       Golgi, exocytic vesicles, sites of polarized growth
  Sec4                                         Rab-family GTPase                                    Golgi, exocytic vesicles, sites of polarized growth
  Yip1                                         Rab GTPase- and GDI-interacting protein              ER, Golgi and COPII vesicle membranes
  Ypt31, Ypt32                                 Rab-family GTPases                                   Endosome, Golgi
  **Ras GTPases and regulators**                                                                     
  Age1, Age2                                   ARF GAPs                                             Golgi
  Arf1                                         Ras-family GTPase                                    Golgi-associated vesicles
  Gcs1                                         ARF GAP                                              Golgi
  Sec7                                         ARF GEF                                              Cytoplasm, Golgi, Golgi-associated vesicles,
  **Rho GTPases and regulators**                                                                     
  Cdc24                                        Cdc42p GEF                                           PM/sites of polarized growth, nucleus
  Cdc42                                        Rho-family GTPase                                    PM/sites of polarized growth
  Gic2                                         Cdc42p effector                                      PM
  Rdi1                                         Rho GDI                                              Cytoplasm, PM/sites of polarized growth
  Rga1, Rga2                                   Cdc42p GAPs                                          PM/Bud neck
  Rho1                                         Rho-family GTPase                                    Golgi, PM/sites of polarized growth
  Rho3                                         Rho-family GTPase                                    PM/sites of polarized growth
  Rom2                                         Rho1p and Rho2p GEF                                  PM/sites of polarized growth
  **SNARE membrane fusion complex**                                                                  
  Sec9                                         t-SNARE, SNAP-25 homolog                             PM
  Snc1, Snc2                                   v-SNARE, synaptobrevin homolog                       Exocytic vesicles, Golgi
  Sso1, Sso2                                   t-SNARE, syntaxin homolog                            PM

Lipid-Dependent Vesicle Biogenesis at the Golgi Apparatus
=========================================================

The ebb and flow of lipid precursors through competing biosynthetic pathways largely controls the generation of secretory vesicles emanating from the Golgi ([Fig. 1](#F1){ref-type="fig"}). The structural changes in the Golgi bilayer that initiate membrane curvature for vesicle budding are dictated in part by the dynamic balance between diacylglycerol (DAG) production and DAG consumption in the production of phosphatidylcholine (PC). Inclusion of membrane proteins into nascent vesicles is partly dependent on the balance of phosphatidylinositol (PI) incorporation into complex sphingolipids vs. the generation of PI4P and other PIPs. The PI/PC transfer protein Sec14p plays a pivotal role acting as a traffic cop directing lipid flux through these metabolic pathways.[@R2]^-^[@R6] At the Golgi, Sec14p integrates PI, PC, DAG and complex sphingolipid metabolism, and as a result Sec14p inactivation blocks exocytosis during post-Golgi vesicle biogenesis ([Fig. 1](#F1){ref-type="fig"}).

![**Figure 1.** Lipid-dependent events in yeast polarized exocytosis. During vesicle biogenesis (left) Sec14p-dependent regulation of lipid metabolism both stimulates DAG synthesis and inhibits DAG consumption as a precursor in PC production. As a precursor for the synthesis of PI-containing complex sphingolipids, PI is used in complex sphingolipid production at the expense of DAG production. Concentrated with sterols, de novo synthesized sphingolipids form membrane microdomains that recruit membrane proteins for exocytosis. In transit between the Golgi and PM (center), vesicles move along actin filaments propelled by a type V myosin (Myo2p). Myo2p interactions with vesicles is dependent in part on PI4P as is the reconfiguration of small GTPases (yellow) required for the assembly of vesicle-associated exocyst complex subunits (light red). At the interface between the PM and vesicle membrane (right), Rho GTPases and exocyst complex subunits associated with the PM (dark red) via PI(4,5)P~2~ assemble with the vesicle-bound exocyst complex subunits to facilitate vesicle docking at sites of polarized growth. Membrane fusion follows after v-SNAREs (tan) and t-SNAREs (blue) interactions.](cl-2-151-g1){#F1}

Sec14p, which is essential for exocytosis and yeast growth, is dispensable if DAG is exogenously supplemented to cells.[@R2]^,^[@R3] This result suggests that Sec14p increases levels of DAG, but this simple outcome belies the complexity of Sec14p-dependent regulation. Sec14p is proposed to have a dual function in DAG production depending on whether it is bound to PI or PC ([Fig. 1](#F1){ref-type="fig"}). When bound to PC, Sec14p appears to inhibit choline-phosphate cytidyl transferase (Pct1p), the rate-limiting enzyme in PC biosynthetic pathway that consumes DAG as a precursor for PC synthesis.[@R4] In this way, Sec14p might increase DAG, thought to be a "pro-secretory" lipid, while at the same time decreasing PC, an "anti-secretory" lipid.[@R5]^,^[@R6] Due to its small head-group and long hydrophobic acyl chains, the cone-shape of DAG is predicted to affect the local curvature of the Golgi bilayer in proximity to DAG-enriched domains.[@R7]^-^[@R9] The structural deformation of the membrane at these sites might promote vesicle membrane budding. In contrast, the cylindrical shape of PC is hypothesized to resist membrane deformation and inhibit vesicle formation. When bound to PI, Sec14p appears to stimulate the PI 4-kinase Pik1p to generate more PI4P for conversion into PI(4,5)P~2~. PI(4,5)P~2~ activates Spo14p, phospholipase D, which represents another mechanism for decreasing PC and its potentially anti-secretory effects.[@R10] Spo14p hydrolyzes PC to form choline and phosphatidic acid (PA), which can be metabolized into DAG. Thus, it is possible that Sec14p-PC and Sec14p-PI both tilt the dynamic balance of lipids toward DAG at the expense of PC.[@R11]

An alternative mechanism by which DAG might affect vesicle formation is through the recruitment and activation of Gcs1p, an ARF-GAP (ADP-ribosylation factor GTPase-activating protein) implicated in vesicle scission from the Golgi. Gcs1p acts together with other ARF-GAPs, Age1p and Age2p, to regulate the small GTPase Arf1p,[@R12]^,^[@R13] which in turn "primes" vesicle formation by recruiting cargo and other regulators of vesicle transport.[@R14] DAG stimulates the GAP activity of Age1p and Gcs1p in vitro,[@R13]^,^[@R15] and exocytosis defects in *GCS1* and *AGE2* mutant cells are rescued by the exogenous addition of DAG.[@R16] Based on these findings, it is proposed that DAG-induced membrane curvature might recruit and activate ARF-GAP activity at the Golgi.[@R16]

Although it might appear that DAG is a key lipid regulator of Sec14p-dependent vesicle formation,[@R2] other reports suggest that the essential requirement for *SEC14* can be bypassed without increasing cellular DAG levels.[@R17] In addition, PI4P levels are reduced by \~45% when *sec14*^ts^ cells are cultured at elevated temperature.[@R18] This result suggests that PI4P is an important lipid species for Sec14p-dependent vesicle biogenesis.[@R17] Consistent with this suggestion, the deletion of *SAC1*, which encodes an ER/Golgi PI4P phosphatase, rescues the lethality of *SEC14*-inactivating mutations.[@R2]^,^[@R19] In *SEC14*-defective cells, the elimination of *SAC1* results in elevated PI4P levels but, unexpectedly, cellular DAG levels are unchanged suggesting rescue of *SEC14* mutants is DAG-independent.[@R17] (Although this finding does not preclude the possibility that localized increases in DAG levels within the Golgi membrane induce vesicle biogenesis). PI4P levels might also affect the ARF-GAPs Gcs1p and Age1p, which contain general lipid-binding domains that bind PIPs including PI4P;[@R15]^,^[@R16] a homologous domain can also be found within Age2p. These results suggest that ARF-GAP activities might be affected by PIPs. In addition to PI4P, *SEC14*-defective cells accumulate \~3-fold more complex sphingolipid precursors, in which levels of very long chain ceramides are particularly elevated.[@R20] Given the broad changes in lipid composition in cells lacking *SEC14* function, it is probable the observed defects in vesicle formation is the collective effect of changes to the distribution and synthesis of several lipids.

In addition to regulated changes in lipid metabolism and membrane composition within specific membrane domains at the Golgi, vesicle formation also depends on the maintenance of transbilayer lipid asymmetry. Phosphatidylserine (PS) is synthesized within one leaflet of the ER bilayer but it equilibrates between leaflets.[@R21] When PS arrives at the Golgi membrane, it is restricted to the cytoplasmic membrane leaflet by the P-type ATPase phospholipid flippase Drs2p and its Cdc50p chaperone. Drs2p thereby maintains Golgi bilayer asymmetry, which is functionally linked to Arf1p-dependent vesicle budding; mutations in either *CDC50* or *DRS2* are synthetically lethal with *ARF1* mutations.[@R22] Disruption of Drs2p or Cdc50p results in exocytosis and polarization defects and the accumulation of aberrant membrane structures.[@R23]^,^[@R24] A possible mechanism for how PS asymmetry affects vesicle biogenesis involves the induction of localized membrane curvature, as predicted by the bilayer couple hypothesis.[@R25] Membrane curvature might also promote ARF-GAP recruitment. Consistent with this model, the deletion of *DRS2* is synthetically lethal with *gcs1*Δ,[@R26] perhaps indicating a functional interaction required for post-Golgi vesicle formation. The involvement of a lipid flippase in the initial stages of exocytosis suggests that vesicle formation requires modulations in both *cis* and *trans* organization of the lipid bilayer.

Sterol/Sphingolipid-Dependent Cargo Sorting into Transport Vesicles
===================================================================

Apart from the structural changes in membrane organization that initiate vesicle budding, specific lipids are also sorted as cargo into nascent vesicles. Complex sphingolipids and ergosterol (the fungal equivalent of cholesterol) are enriched in secretory vesicles compared with the Golgi membrane from whence they came.[@R27]^,^[@R28] Together, sphingolipids and sterol can be isolated as detergent resistant membranes (DRMs) corresponding to specific membrane microdomains that are sorting platforms for specific membrane proteins.[@R29] The synthesis of the lipid components of these microdomains appears to be integrated with vesicle formation at the Golgi in order to sort and concentrate specific membrane proteins ([Fig. 1](#F1){ref-type="fig"}).

In budding yeast, the biosynthesis of sphingolipids is simple as compared with metazoans and only three "complex" species of inositol phosphate-containing sphingolipids are made.[@R30] After its synthesis in the ER, ceramide passes to the Golgi where mannose and inositol phosphates are sequentially added to produce all complex sphingolipids.[@R30] PI serves as a precursor of inositol phosphate in the Golgi making the maintenance of PI pools extremely important for complex sphingolipid synthesis. In the Golgi, PI is generated by Pis1p (phosphatidyl inositol synthase 1), which couples a phosphatidyl moiety from CDP-DAG (CDP-diacylglycerol) to inositol,[@R31] and by Sac1p-mediated dephosphorylation of PI4P.[@R18] For the latter, inositol phosphate-containing sphingolipids are generated at the expense of PI4P used in DAG production ([Fig. 1](#F1){ref-type="fig"}). Presumably the natural affinity between sterols and sphingolipids spontaneously leads to membrane microdomain formation. The coordinated regulation of PI and sphingolipid metabolism therefore appears to be important for integrating membrane sorting with vesicle formation.

The generation of sterol/sphingolipid microdomains in the Golgi membrane promotes the exocytosis of several well-defined PM transporters as well as glycosylphosphatidylinositol (GPI)-anchored proteins like Gas1p. Unlike other membrane proteins transported to the cell cortex, mutations that perturb ergosterol or sphingolipid metabolism disrupt the trafficking and distribution of the H^+^-ATPase Pma1p, the Tat2p tryptophan permease, the arginine permease Can1p, the Gap1p general amino acid permease and the uracil permease Fur4p.[@R28]^,^[@R32]^-^[@R35] Gas1p and Pma1p are sorted into membrane microdomains in the ER before reaching the Golgi,[@R36]^-^[@R38] but the other transporters are concentrated into DRMs within the Golgi membrane.[@R33]^,^[@R36]^,^[@R39]^,^[@R40] The original site of sorting into DRMs roughly correlates with the lateral segregation of these proteins within different membrane domains once at the PM. In *S. cerevisiae*, the PM is compartmentalized into at least three different microdomains.[@R41] Eisosomes or MCC (membrane compartment of Can1p) domains are stable and relatively immobile 300 nm-sized patches on the PM containing Can1p, Fur4p and Tat2p.[@R34]^,^[@R41]^,^[@R42] MCP (membrane compartment occupied by Pma1p) domains contain Pma1p and represent PM regions containing readily diffusible proteins that are excluded from the MCC.[@R41] The third membrane domain, MCT (membrane compartment containing TORC2), consists of punctuate patches containing the TORC2 complex that regulates the actin cytoskeleton and ceramide synthesis.[@R43] Because the resident proteins are stably contained within these membrane domains, the lateral segregation of these proteins at the PM appears to be predetermined at the ER or the Golgi, depending on where the membrane domain originally formed.

PI4P Regulation of Exocytosis during Vesicle Transit between Membranes
======================================================================

Even before their release from the Golgi, nascent vesicles are attached to the type V myosin Myo2p, which is recruited via the Rab GTPases Ypt31p/32p and by PI4P ([Fig. 1](#F1){ref-type="fig"}).[@R44]^,^[@R45] As Myo2p-dependent transport proceeds and vesicles are moved along actin filaments to the bud, the small GTPase Sec4p displaces Ypt31p/32p.[@R45]^,^[@R46] Although important for the proper regulation of actomyosin transport, this GTPase cascade is dispensable if the interaction between Myo2p and PI4P is augmented. By replacing the GTPase-binding C-terminal tail of Myo2p with an additional PI4P-binding PH domain, small GTPases are no longer required for Myo2p-dependent vesicle transport.[@R46] Consistent with these results, increased PI4P levels can also negate the inhibitory effects of overexpressing the C-terminal tail of Myo2p. This tail region competes for Sec4p and Ypt31p/32p binding with the endogenous wild-type Myo2p, but increasing Pik1p production of PI4P restores Myo2p association with vesicles.[@R46]

In addition to the recruitment of Myo2p to vesicles, PI4P affects the protein interactions of Ypt31p/32p and Sec4p during the priming of the vesicle-associated subunits of the exocyst complex, which is required for subsequent vesicle docking with the PM.[@R47] A critical event in this priming occurs when the Sec2p GEF (guanine-nucleotide exchange factor), originally recruited to vesicles and bound by Ypt31p/32p, switches its binding to the exocyst subunit Sec15p. With this exchange of binding partners, the Sec2p GEF is then free to activate Sec4p-GTP for the assembly of the other vesicle-associated exocyst complex subunits.[@R47] Although it is not fully understood, a drop in vesicle PI4P levels triggers Ypt31p/32p release of Sec2p, and the subsequent Sec4p-dependent GTPase signaling cascade then ensues.[@R47] Here again, the recruitment and assembly of regulatory protein complexes required for transport seems ultimately to be controlled by a lipid---PI4P.

Lipid Requirements for Exocytic Vesicle Docking and Fusion with the PM
======================================================================

At sites of polarized growth, vesicle docking and membrane fusion with the PM completes exocytosis and the relevant regulatory lipid involved is PI(4,5)P~2~. The polarized localization of the PM-associated exocyst complex subunits, Exo70p and Sec3p, is dependent on direct interactions with PI(4,5)P~2~. Sec3p and Exo70p polarization is also dependent on the Rho GTPase Cdc42p ([Fig. 1](#F1){ref-type="fig"}).[@R48]^-^[@R50] Overexpression of the PI4P 5-kinase Mss4p increases PI(4,5)P~2~ levels and partially rescues the temperature-sensitive growth defects of *cdc42--6* cells at elevated temperatures, suggesting that PI(4,5)P~2~ and Cdc42p define two independent mechanisms for recruiting exocyst complex subunits to the PM.[@R51] However, it is not known if increased PI(4,5)P~2~ levels can completely bypass the Cdc42p requirement for recruiting Sec3p and/or Exo70p to the PM. In addition, the Sec14p-related PI-transfer protein Sfh5p promotes Cdc42p activity at the PM by extracting PI from exocytic vesicles then presenting it to Stt4p (PI 4-kinase) and Mss4p for conversion into PI(4,5)P~2~ at the PM.[@R51] The PI(4,5)P~2~ generated in this way is required for Cdc42p localization to sites of polarized exocytosis, though the exact mechanism is unclear.[@R51] In addition, PI(4,5)P~2~ is required for localization of both Cdc24p, the PH domain-containing GEF that activates Cdc42p, and the Cdc42p effector Gic2p.[@R52]^-^[@R54] PI(4,5)P~2~ is therefore the key lipid at the PM for assembling exocytosis regulatory complexes.

Another Rho GTPase, Rho1p, also binds and promotes Sec3p polarized localization, whereas both Rho3p and Cdc42p bind Exo70p to mediate its polarization.[@R48]^,^[@R50]^,^[@R55] Rom2p, the GEF for Rho1p, also binds PI(4,5)P~2~ through a PH domain that is essential for Rom2p localization to sites of polarized growth and downstream activation of Rho1p.[@R56]^,^[@R57] PI(4,5)P~2~ is therefore a requirement for multiple different regulators and effectors for vesicle docking at the PM.

Like bilayer asymmetries in the Golgi membrane, lipid asymmetry across the PM bilayer also impacts exocytosis. PS is localized to incipient bud sites where it promotes Cdc42p-dependent bud formation. Deletion of *CHO1*, encoding PS synthase, results in Cdc42p depolarized localization that is partially rescued by addition of lysoPS into the medium.[@R58] PS, PI and PE (phosphatidylethanolamine) are also required to initiate changes in the sites of polarized exocytosis during the yeast cell cycle, which are needed to support growth of the daughter bud. PS, PI and PE stimulate Cdc42p-GTP turn-over by the GAPs (GTPase-activating proteins) Rga1p/2p, which cause Cdc42p-GDP reorganization at the bud cortex to alter the direction of polarized growth and exocytosis.[@R59] The Lem3p-Dnf1p and Lem3p-Dnf2p flippase complexes facilitate Cdc42p reorganization by flipping PE into the cytoplasmic leaflet of the PM bilayer, where PE activates Cdc42p GAPs.[@R59] The flipping of PE into the cytoplasmic leaflet is also proposed to disrupt electrostatic interactions between a cationic region near the C-terminal end of Cdc42p and the negatively charged PS in the PM, thus aiding both Cdc42p extraction and its recycling from polarized membrane sites.[@R60] In contrast, PI(4,5)P~2~ in the cytoplasmic leaflet of the PM bilayer appears to inactivate the Rga1p/2p GAPs, though it is not understood how.[@R59]

The final event in polarized exocytosis involves SNARE-mediated membrane fusion between the exocytic vesicle and its target at the PM. Fusion requires interactions between Snc1p/2p on vesicles with Sso1p/2p and Sec9p on the PM ([Fig. 1](#F1){ref-type="fig"}). Although in vitro assays show that the SNARE syntaxins, Sso1p/2p, bind PA and PI(4,5)P~2~ containing liposomes with high specificity, the importance of these lipid interactions during vegetative growth is unclear.[@R61] Membrane trafficking at the PM was proposed to be restricted to, or influenced by, the eisosome/MCC domains within the PM.[@R42] However, it was recently shown that sites of exocytosis or endocytosis are largely found outside the MCC.[@R62] Based on this result, the distribution of SNARE proteins during exocytosis is predicted to be independent of the MCC lateral domains within the PM, though Snc1p appears to reside in DRMs when at the PM.[@R63]

Lipid Attachment to the Ends of Small GTPases: Tails that Wag the Dog
=====================================================================

Lipid composition and distribution within membranes is clearly important, but lipids are also covalently attached to small GTPases and thereby directly affect their activities.[@R64] Arf-, Rab- and Rho-family GTPases are modified by different lipids, which impart differences in GTPase localization and regulation. Most Rab GTPases are prenylated at their C-terminal ends with two geranylgeranyl groups by the cytoplasmic geranylgeranyl transferase (GGTase) II complex. Most Rho GTPases are prenylated on their C-terminal end with a single geranylgeranyl group by the cytoplasmic GGTase I complex. Arf GTPases are myristoylated near their N-terminus. These lipid modifications are of course required for GTPase membrane attachment, but the lipid attachments also confer targeting specificity sometimes through interactions with escort proteins.

Several proteins that recognize and bind to the di-geranylgeranyl modification determine the targeting of Sec4p and Ypt31p/32p to membranes. Mrs6p is a GGTase II complex chaperone that recognizes newly synthesized Rab GTPases for prenylation and then delivers them to membranes. As a Rab escort protein (REP), Mrs6p cannot retrieve Sec4p or other Rab GTPases after membrane delivery.[@R65] In contrast, Gdi1p, the yeast Rab guanine-nucleotide dissociation inhibitor (GDI), removes Rab GTPases from membranes after they complete GTP hydrolysis. For example, Gdi1p extracts prenylated GDP-bound Sec4p from membranes for recycling back to re-initialize post-Golgi vesicle transport.[@R66] Gdi1p-Sec4p and Gdi1p-Ypt31p/32p complexes are found in inactive cytoplasmic pools and to be activated they require membrane recruitment. Yip1p is an integral membrane protein that appears to recruit Gdi1p-GDP-Rab GTPase complexes to the Golgi. *YIP1* genetically interacts with both *GDI1* and with genes that encode Golgi-specific Rab GTPases,[@R67] though in vitro Yip1p has a broad affinity for other Rab GTPases with di-geranylgeranyl modification.[@R68] Sec4p is functional if its prenylation motif is replaced with a transmembrane (TM)-spanning domain, but only if the TM domain targets Sec4p to the correct location.[@R69] Based on these findings, the di-geranylgeranyl modification of Sec4p not only imparts general membrane association but also appears to be recognized by receptor complexes that confer compartment specificity. Because correct membrane targeting is necessary for subsequent interactions with effectors, di-geranylgeranyl modification has an important but indirect effect on Rab GTPase activities.

Like the Rab GTPases, prenylated Rho GTPases are also regulated by a GDI that binds and extracts them from membranes.[@R70] Rdi1p, the sole Rho GDI in yeast, in part binds the single geranylgeranyl tail attached to Cdc42p and Rho1p to remove them from the PM.[@R71]^,^[@R72] Oddly enough, the elimination of Rdi1p neither affects cell growth nor the gross cytoplasmic/PM distribution of Cdc42p or Rho1p.[@R73] The apparent solution to this puzzle is that Cdc42p recycling involves parallel mechanisms requiring both Rdi1p and endocytosis, and the elimination of both pathways leads to a rapid loss in Cdc42p polarization.[@R74] It should be noted that C-terminal prenylation of Cdc42p and Rho3p is important for protein-protein interactions with the exocyst complex subunit Exo70p. In vitro purified constitutively activated Cdc42p and Rho3p bind Exo70p only if an intact C-terminal prenylation motif is present.[@R55] The geranylgeranyl modification is therefore important for Rho GTPase signaling despite some functional redundancy with other mechanisms.

Rho3p lipid modification differs from other Rho GTPases in that it is prenylated at its C-terminus with farnesyl, and the fatty acid palmitate is attached in a region near its N-terminus.[@R50] Cdc42p is particularly important during early events in bud formation whereas Rho3p plays a greater role later when the bud is larger. A fusion protein where the palmitoylated N-terminal region of Rho3p is added onto Cdc42p was sufficient to rescue growth defects seen in *rho3*Δ cells.[@R50] These results suggest that Rho3p and Cdc42p perform similar functions but palmitoylation directs that activity to slightly different locations on the PM, which is particularly important in large-budded cells. Palmitate is also covalently attached to the vesicle SNAREs Snc1p/2p, but the lipid addition does not affect their association with vesicles and a mutation that renders Snc1p incapable of palmitoylation does not affect SNARE function.[@R75] In short, the regulatory role of palmitoylation in exocytosis is clearly important but still not fully understood.

Unlike Rho or Rab GTPases, Arf1p is N-myristoylated and nucleotide exchange is directly coupled with its membrane association.[@R76] In the Arf1p GDP/GTP cycle, Arf1p-GDP is mainly cytoplasmic but its myristoylated N-terminal amphipathic helix causes Arf1-GDP translocation into membranes wherein GDP exchange for GTP occurs.[@R77] Apart from promoting protein complex assembly, the membrane-associated myristoylated Arf1p-GTP induces positive membrane curvature, which is proposed to be critical for the formation of nascent transport vesicles.[@R78] Together these findings suggest that myristoylation couples Arf1p activation and signaling to structural changes in the Golgi membrane for vesicle biogenesis.

PI4P: The Master Regulatory Lipid for Polarized Exocytosis in Yeast
===================================================================

PI4P is perhaps the most important lipid in exocytosis, not only as a precursor for other PIPs but also for membrane targeting and activation of regulatory proteins. PI4P phosphorylation to PI(4,5)P~2~ is the regulatory modification most pertinent to the final events of exocytosis at the PM, whereas in the Golgi PI4P turn-over appears to be important for vesicle biogenesis. Even during vesicle transit, the reconfiguration of Rab GTPase complexes needed for subsequent events in exocytosis is dependent on vesicle PI4P levels. The regulation of yeast exocytosis is ultimately tied to the fate of PI4P as dictated by the opposing activities of the PI4P phosphatases and the PI 4-kinases, Pik1p and Stt4p.

In the Golgi, the fate of PI4P is mainly governed by the PI4P phosphatase Sac1p and the PI 4-P kinase Pik1p ([Fig. 1](#F1){ref-type="fig"}). Although Sac1p is an ER protein, it shuttles in-and-out of the Golgi and in nutrient-deprived cells, Sac1p remains in the Golgi.[@R79] Sac1p and Pik1p (in a complex with its non-catalytic subunit Frq1p) have a reciprocal relationship: Pik1p/Frq1p is released into the cytoplasm when Sac1p is present and, when Sac1p is retained in the ER, Pik1p/Frq1p associates with the Golgi to stimulate vesicle formation by generating PI4P.[@R79] Sac1p itself has seemingly opposing roles in vesicle biogenesis. Although Sac1p inhibits PI4P-dependent activation of vesicle biogenesis by Pik1p and Sec14p, Sac1p-dependent production of PI promotes complex sphingolipid biosynthesis and membrane sorting into nascent vesicles.[@R27]^,^[@R80] These sphingolipids together with associated sterols are generically enriched in all exocytic vesicles, whether targeted to sites of polarized growth or to the PM in general.[@R28]

To reconcile how Sac1p might repress vesicle formation while also facilitating lipid and protein sorting into vesicles, it is proposed that the OSBP homolog Osh4p integrates these opposing Sac1p activities as part of a negative feedback loop.[@R81] *OSH4* (also known as *KES1*) is one of seven yeast *OSH* genes (*OSH1*--*OSH7*) that share overlapping essential functions, including a specific role in polarized exocytosis.[@R82]^-^[@R84] Osh4p is a lipid-binding protein that contains mutually exclusive binding sites for a sterol and PI4P.[@R85]^,^[@R86] A mutation that specifically inhibits sterol binding by Osh4p results in its activation, causing growth defects that can be suppressed by deleting *SAC1*.[@R84] In fact, Osh4p induces Sac1p phosphatase activity in vitro.[@R87] These findings suggest that PI4P-bound Osh4p is an upstream activator of Sac1p, but Osh4p is inhibited when in the sterol-bound form. In the negative feedback model, Osh4p promotes Sac1p dephosphorylation of PI4P to produce PI pools for complex sphingolipid synthesis. Within the Golgi membrane, newly synthesized sphingolipids concentrate with sterols, which might trigger the inhibitory exchange wherein a sterol replaces PI4P for Osh4p binding. As a result, Sac1p activity is reduced and PI4P levels in the Golgi increase, which is an initiating event for vesicle formation. Vesicle biogenesis is thereby delayed until sphingolipid/sterol microdomains can be generated for cargo sorting. This model is supported by multiple lines of evidence: (1) complex sphingolipid levels are reduced in *osh4*Δ cells (LeBlanc et al., submitted);[@R88] (2) similar to that observed in *sac1*Δ cells, the deletion of *OSH4* also causes missorting of proteins associated with sterol/sphingolipid membrane domains;[@R88]^,^[@R89] (3) like *sac1*Δ, the deletion of *OSH4* restores PI4P levels in cells with conditional *PIK1* or *SEC14* mutations;[@R90]^,^[@R91] (4) the deletion of either *OSH4* or *SAC1* bypasses the essential requirement for *SEC14*, because increases in Golgi PI4P levels might induce vesicle biogenesis with associated decreases in PC or increased levels of DAG and/or sphingolipids.[@R92] Thus, PI4P turn-over during vesicle biogenesis is in part controlled by Osh4p and its downstream effector Sac1p.

It has been proposed that Osh4p transfers sterols and PI4P between membranes in opposite directions, and PI4P hydrolysis is suggested to drive this vectorial exchange of lipids to generate a sterol gradient between membranes.[@R86] However, sterol transport in both yeast and mammalian cells is not a directed mechanism but rather a process of equilibration, resulting in the steady-state concentration of sterols within cellular membranes enriched in sphingolipid membrane domains (rafts).[@R93]^,^[@R94] Based in part on these findings, and in vivo sterol transport assays,[@R95] it is argued that Osh4p is not a sterol transfer protein.[@R81] Whether or not Osh4p sequesters or transfers PI4P in vivo, is not yet clear but it is another interesting possibility.

Osh proteins and Sac1p are also implicated in PI4P turn-over later in vesicle transport well after post-Golgi vesicle formation. Despite its importance in regulating vesicle budding from the Golgi, Osh4p is not required for vesicle biogenesis. Rather, all proteins of the Osh family must be inactivated to inhibit polarized transport, and the block is manifested only when vesicles dock with the PM but not earlier in exocytosis.[@R83]^,^[@R84] Because PI4P turn-over in vesicles regulates Rab GTPase interactions with both Myo2p and exocyst complex subunits, and Osh4p travels along with exocytic vesicles to the cell cortex, it is proposed that Osh proteins might regulate PI4P sequestration and/or dephosphorylation events even after vesicle release from the Golgi. Multiple findings support this proposed role for Osh proteins during vesicle docking: (1) Osh proteins associate in vivo with exocyst complex subunits and their GTPase regulators (but not Myo2p); (2) genetic interactions reveal functional interactions between Osh proteins and the exocyst complex; (3) Osh proteins are required for Cdc42p and Rho1p polarized localization at the PM; (4) Sec4p association with exocytic vesicles is not Osh-dependent, but the docking of Sec4p-containing vesicles with the PM is Osh-dependent; (5) both *OSH4* and *SAC1* overexpression cause severe growth defects in conditional *MYO2* mutants, potentially due to reductions in PI4P levels.[@R46]^,^[@R83]^,^[@R84]

With the complexity of lipid interactions required at every event during polarized exocytosis, it seems impossible for just one lipid to be the key regulator. However, the status of PI4P is particularly important not only for vesicle formation at the Golgi, but during each subsequent step in transport to the PM. Clearly PI4P, along with its protein regulators, is now the focal point for understanding how these different steps during exocytosis are so seamlessly integrated.
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